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Cooperative phenomena constitute important mechanisms to explain the magnetic properties of the perovskite manganites
REMnO,, in which the rare-earth and/or Mn is partially replaced by divalent elements. In this way, the manganese ion
Changes its valence state (Mn** —» Mn*), triggering strong magnetic interactions. In this work we describe the case of
GdCoMn, O, (0.0 < x < 1.0) for which the antiferromagnetic interaction between the Gd sublattice and the Mn/Co network
leads to a reversal of the magnetic moment at low temperature. No inversion is observed for the LaCo Mn,_O,; series, in
which the ordering temperature may attain a maximum of 235 K for LaCo,, Mn, while it is only 120 K for similar Co/
Mn ratio in the case of GdCo, , Mn _O.. :
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Magnetic properties are described in terms of two regimes: one, for x < 0.5, when Co substitutes Mn in the GdAMnO,
manganite and another one, for x > 0.5, when Mn substitutes Co in the GdCoO, cobaltite, while the magnetic interactions are
maximized at x(Co) = 0.50. This hypothesis is discussed in terms of the respectlve oxidation states of both manganese (Mn**
/ Mn*) and cobalt (Co* / Co*).
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Perovskitas manganitas con Mn sustituido TRCo Mn, O.: comparacién entre las propiedades magnéticas de LaCo Mn, O,
y de GdCoMn, O,

El fenémeno cooperativo constituye un importante mecanismo para explicar las propiedades magnéticas de las perovskitas
manganitas TRMnO,, en las que el catién de tierra rara, TR, y/o el cation Mn** son parcialmente reemplazados por cationes
divalentes. Por esta via el ién de manganeso cambia de estado de valencia (Mn* —» Mn*), generando fuertes interacciones
magnéticas. En el presente trabajo se describe el caso de las soluciones sélidas GdCo Mn, O, (0.0 < x < 1.0) para las que la
interaccién antiferromagnética entre la subred del Gd* y la red Mn/Co lleva a una inversién del momento magnético a
baja temperatura. No se ha observado inversién para la serie LaCo Mn,_O,, en que la temperatura de orden puede alcanzar
un maximo de 235K para LaCo, . Mn . O, mientras que en el caso de GdCo,_Mn__O,, en que si se observa inversién, la
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temperatura de orden es sélo de 120 K para una razén Co/Mn similar.

Las propiedades magnéticas se describen en términos de dos regimenes diferentes: uno, para x < 0.5, cuando Co sustituye
al Mn en la manganita GdAMnO, y otro, para x > 0.5, cuando Mn sustituye a Co en la cobaltita GACoO,. Las interacciones
magnéticas se maximizan a x(Co) = 0.50. Esta hipétesis se discute en términos de los respectivos estados de oxidacién de
ambos cationes: manganeso (Mn* / Mn*) y cobalto (Co* / Co*).

Palabras clave: Perovskitas, Oxidos Magnéticos , Propiedades Ferromagnéticas , Valencias mixtas

1. INTRODUCTION

Mixed-valence perovskites ABO, have been thoroughly
studied in the last 20 years because of their exceptional
magneto-electrical properties (1). Most of these reports
concern the substitution of the rare-earth located at the A
site by alkaline-earth Z elements RE,_/ZE MnO, since, by this
way, the Mn* cation transforms into x-Mn** ions, triggering
the well-known double-exchange ferromagnetic interactions
(2). Substitution of Mn located at the B-site by a divalent
transition metal Me element REMe Mn, O, is also a good way
to transform 2x-Mn* into x-Mn* ions (one manganese being
replaced, the other one, transforming). Substitutions at the
B-site have been rarely studied in the past, in comparison with

Bol. Soc. Esp. Ceram. V., 47, 4, 207-212 (2008)

the classical A-site substitution. Some works have reported
the Mn —» Co or Mn —» Ni cases (3-5) while systematic
substitutions have been reported by our research groups in
the yttrium-based perovskite YMe Mn,_O; (6-8). Recently, we
have extended our studies to perovskite systems REMe Mn, O,,
in which the lanthanide ion is a heavy rare-earth of small ionic
radius and large magnetic moment (e.g., RE = Gd, Er) (9,10).
One of the particularities of these latter compounds is the
relative small ordering temperature T, much lower than those
found for large rare-earth elements since, the smaller the RE
ionic radii, the more distorted is the perovskite structure and
the largest is the deviation of the Mn**-O-Mn** chain from an

207



ideal 180°-angle, this latter being related to the highest T's
(11).

Our present goal is to synthesize REMe Mn, O, systems
with big lanthanide cations, (i.e., high ordering temperatures)
and to compare the different interaction mechanisms with
those observed in similar compounds with small cations. Our
choice was aimed this time toward RE = La and Gd, Me = Co,
since the full range of the solid solutions (0 < x < 1) is available,
provided strict synthesis routes are respected. We present
herein the magnetic properties of LaCo Mn, O,, prepared by
soft chemistry techniques (i.e., very fine particles synthesized
at mild temperatures, appropriate for catalysis (12) making a
comparison with gadolinium-based GdCo Mn, O, prepared
by high-temperature solid-state methods (9).

2. EXPERIMENTAL PROCEDURE

LaCoMn, O, perovskites were prepared by the citrate
method. Stoichiometric amounts of an aqueous solution of the
nitrates of the corresponding metals were added to an aqueous
solution of citric acid with a 10 % excess over the number of
ionic equivalents of cations. The resulting solution was stirred
at room temperature and slowly evaporated at 70 °C under
vacuum in a rotary evaporator until gel is formed. This gel
was dried in an oven, slowly increasing the temperature up to
250 °C and maintained overnight to yield a solid amorphous
citrate precursor. The resulting powder was crushed, sieved
and calcined at 700 °C in air for 6 h. Our requirements to use
this powder for catalysis purposes made us work under such
mild conditions, thus obtaining BET surfaces of the order of
10-40 m2.g" (12). The average crystallites size, as calculated
from XRD data using the classical Scherrer’s relation, ranged
between 26 and 50 nm.

GdCoMn, O, perovskites were prepared by solid state
reaction of reagent grade MnO, CoO and Gd,O, oxides of
submicronic particle size. The mixtures were homogenized
by attrition milling, using isopropanol as liquid medium. The
dried mixtures were calcined at 1150 °C for 2h, then re-milled
and dried, granulated, and uniaxially pressed. Sintering
was performed under oxygen atmosphere for 2 hours, at
temperatures ranging between 1250 °C and 1350 °C, i.e. below
those needed to get a maximum of the apparent density.
In this way, compact specimens devoted to technological
applications (magnetoresistance, electroceramic devices, etc.)
could be prepared. The remaining porosity favours a proper
oxygenation at the grains surface, as confirmed by the weight
gain after sintering. The choice of the sintering conditions took
also into account the fact that cobalt may be volatile at high
temperatures, the lower sintering temperature corresponding
then to samples with higher amount of Co (10,13). EDX
analysis confirmed the nominal Co/Mn ratio, within 5 %
error. The cooling rate was 1 °C/min, still under oxygen flow,
thus favouring the insertion of the maximum quantity of
oxygen in the structure (13).

At this point we should insist on the fact that, even
both series were synthesized and annealed under different
conditions, optimum oxygenation could be accomplished in
both cases (at mild temperatures, under air, for tiny particles
of large specific area, or at high temperatures followed by
slow cooling under oxygen, for compact specimens). Magnetic
data discussed below will confirm these assertions since the
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X-ray powder diffraction (XRD) patterns were obtained
with Ni-filtered CuKa, radiation (A = 1.5418 A) using a Rigaku
(La-based perovskites) or a D-5000 Siemens diffractometer
(Gd-based perovskites), at a scanning rate of 2° 20/min.
Crystallochemical properties are given elsewhere (9,12).
Magnetic measurements were performed in a Quantum
Design MPMS-XL5 SQUID susceptometer, between 2 K and
300 K and as a function of the applied field, from -50 kOe
up to +50 kOe. All measurements were done in specimens
(ceramics or compacted powder) glued to sample holders,
thus avoiding any disorientation due to torque forces exerted
on the sample.

3. RESULTS
3.1. Paramagnetic regime

Figure 1 shows the inverse susceptibility for the series
LaCo Mn, O,. Two regimes are clearly identified: for cobalt
contents between 0 and 0.50, the Curie-Weiss temperature
O keeps increasing, with a smooth variation of the slope
Ay '/ AT (strangely, these curves converge toward the same
value at 400 K, but this must be considered as fortuitous
and no physical argument should be evoked). Samples with
x(Co) > 0.5 showed, on the other hand, a progressive decrease
of O, reaching a largely negative value of -195 K for the
undoped cobaltite LaCoO,. This tendency is hardly observed
in GdCoMn, O, because the strong magnetic moment of
Gd hinders that of the Mn/Co network. The characteristic
temperatures follow similar variations in both systems, as
shown in figure 2, where the Curie-Weiss © and the ordering T.
temperatures are plotted as a function of the cobalt content. The
ferromagnetic interactions are maximized at the substitution
rate Co:Mn=0.5:0.5, for which the charge equilibrium relation
should be RE*Co* Mn* O* (14). However, obvious
differences are observed in the overall variation of © :
while in the case of lanthanum-based perovskites, it remains
positive and relative high (except for the end compound,
LaCo0,), in the case of gadolinium-based perovskites there
is a net tendency to become negative at both ends of the solid
solution. This is a clear demonstration that antiferromagnetic
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expected transformations of the Mn oxidation state were

Fig. 1- Inverse magnetic susceptibility for the solid solution LaCo Mn, O,
achieved in similar manner in both series.

Inversa de la susceptibilidad magnética para la solucién sélida LaCoXMnj_XOJ.M
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Fig. 2- Characteristic temperatures © (upper panel) and T, (lower pan-
el) for solid solutions LaCo Mn, O, (filled symbols) and GdCo Mn, O,
(open symbols). Temperaturas Caracteristicas © (recuadro superior) y
T (recuadro inferior) para las soluciones sélidas LaCo Mn, O, (sim-
bolos llenos) y GdCo Mn, O, (sfmbolos vacios).

interactions must be considered, this behavior being more
pronounced in GdCo Mn, O, than in LaCo Mn,_O..

This marked difference is also observed in the effective
moments of the paramagnetic state. For LaCoMn, O, (12),
the effective moments for the first half of the series (x <
0.50) are systematically higher than the moments expected
for corresponding mixtures of Mn*, Mn* and Co* ions,
while for the second half, they are systematically lower than
expected. We explain these results by the fact that strong
Co**-Mn* double-exchange interactions via the oxygen (15)
are triggered when Co* is introduced into the lattice (x <
0.50), while antiferromagnetism is advantaged when cobalt is
introduced as Co* (x> 0.50). For GACo Mn, O, (9), the effective
moments of the transition metals (after subtraction of the Gd
contribution) are always lower than the expected values for
any combination of Mn and Co ionic moments, meaning that
antiferromagnetic interactions must be considered all over the
solid solution.

The characteristic temperatures ® and T, observed in
La(Co,Mn)O, are quite high (+240 K and 235 K, respectively),
while in Gd(Co,Mn)O,, they amount to only +58 K and 120 K,
for the respective RECo, Mn , O, compositions. This fact is
not new since it is well known that the largest the ionic radii,
the highest are the ordering temperatures (11).

3.2. Ordered regime
3.2.1. ZFC/FC cycles
The ordered regime was investigated through

magnetization ZFC/FC cycles as a function of temperature.
Because of the very low applied field (250 Oe or lower), the
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rare-earth contribution is, in first approximation, neglected
and only the ordered network should be observed during the
warm-up (ZFC). As a consequence, the warming branches
must be similar for both families of compounds, since they
reflect essentially the magnetic behavior of the transition
metal |Co+Mn!| network, that is, a canted-type magnetic
structure where antiferromagnetic inter-plane exchange
competes with ferromagnetic intra-plane interactions (16-18).
The predominant antiferromagnetic component appears as a
pronounced peak during warming, as seen in figures 3.a and
3.b (open symbols) for LaCo Mn_O, and GdCoMn, O,. In
the case of the gadolinium-based system, a faint Curie-Weiss
variation appears at low temperature, whereas no additional
contribution is observed for non-magnetic lanthanum.
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Fig. 3- Magnetization ZFC/FC cycles for : (a) LaCoMn, O,, (b)
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GdCo Mn, O,.
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Contrary to this, the field-cooled FC procedure (closed
symbols in figs. 3.a and 3.b) is dramatically different for both
series, since the transition-metal network orders at T and
imposes a strong internal field over the rare-earth spins. The
local field attains 5 kOe or more, that is, a factor 20x with
respect to the applied external field (19) and, as a consequence,
the rare-earth magnetization may become predominant over
the contribution of the transition-metal moment. The resulting
magnetization will be the superposition of the relative
magnetizations, one due to the transition metals |Co+Mnl,
and the other one due to the rare-earth network. It is expected
then, for non-magnetic lanthanum, that the only contribution
in the LaCo Mn, O, series must be the ferromagnetic behavior
of the transition metal network (schematized by a step-
like transition with M =0atT>T ;M =M . atT<T).
As shown in figure 3.a, the ferromagnetic interactions are
optimized when inserting cobalt in the first half of the series
since TC progressively increases; this strong ferromagnetic
behavior is also visible through the characteristic plateau of
the magnetization M,. during cooling. At the other end, for
LaCo,,,Mn , O, and LaCoO,, the magnetization M, . keeps
increasing when cooling the sample although it attains very
low values at 2 K (notice the enormous difference in the
Y-scales in fig. 3.a with respect with the first half of the
series).

The situation is radically different in GdCo Mn, O, (fig.3.b)
since a large magnetic contribution is expected because of the
strong moment of gadolinium (4f’; u_ =7.94 u,). By considering
these latter as independent, uncoupled Gd ions, with no 4f-4f
interactions, a Curie-Weiss-like magnetization should exist,
superposed to the step-like magnetization of the transition
metal network. Under the hypothesis of a negative exchange
interaction between magnetic sublattices, that is, magnetic
moments oriented in opposite directions, a ferrimagnetic-
like situation may occur, in which the total moment (M, =
M., +M, .,.,) will reverse its sign during cooling when M,
exceeds the value of M, . Such situation occurs because
the Curie-Weiss susceptibility for non-correlated Gd spins
varies as T, increasing when the temperature decreases, while
the magnetization of the transition metal stays constant below
T. A full description of this process in terms of a mean-field
model of interacting sublattices can be found in ref. (19,20) for
(Gd,Ca)MnO, or ref. (9) for Gd(Me,Mn)O, (Me = Cu, Ni, Co).

The nature of the exchange interaction between
gadolinium and transition-metal sublattices changes along
the GdCo Mn, O, series. At low cobalt concentrations (fig.
3.b, upper panels) the ferromagnetic order is mainly due
to the Mn*-Mn*" pairs, since a similar situation is observed
in Gd, Ca MnO, where no cobalt atom exists (19). When
increasing x(Co), Mn* is progressively substituted by Co?*,
which is also ferromagnetically coupled to Mn* since the
ferromagnetic ordering temperature T increases steadily. The
ferromagnetic interactions Co*-Mn*" are optimized at x(Co) =
0.50 when all Mn*" have been replaced by Co* (fig. 3.b, middle
panels). At further substitutions, the quantity of Mn atoms
decreases, resulting in fewer numbers of Co*/Mn* pairs ;
from charge equilibrium arguments (13), the cobalt being
now introduced into the lattice is trivalent and the resulting
Co**-Mn*" interactions are of different nature as the Co*-Mn**
interactions. The ordering temperature decreases and the
gadolinium network is not any longer polarized negatively
with respect to the transition-metal network (fig. 3.b, bottom
panels).
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3.2.2. Magnetization M(H) cycles

The ordered regime was also investigated through
magnetization loops at 2 K. In the case of LaCo Mn, O (fig.
4.a), two distinct regimes are observed : when x(Co) goes
from 0 to 0.5, a systematic increase of the coercive field H_..
is observed, while the “saturation” magnetization M_, (value
at 50 kOe) stays almost unchanged; when x(Co) exceeds 0.5,
both H__ and M_, decrease rapidly, reaching almost zero
for lanthanum cobaltite (insert, fig. 4.a). Qualitatively these
different behaviors can be described, during the first regime,
by an ideal squared-shape ferromagnetic loop, with a linear
increase of H___(rate ~ 26 kOe/at.Co) related to an increasing
number of domains proportional to the number of pairs Co*/
Mn*. In the second regime, for x > 0.5, M(H) is a superposition
of ferromagnetism and antiferromagnetism since the presence
of Co* triggers antiferromagnetic interactions with Mn*" and/
or Co*.
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Fig. 4- Magnetization loops at T = 2 K for : (a) LaCoMn, O, (b)
GdCoMn, O, (insert in fig. 4.a shows the compositional variation of
the coercive field, in units of kOe). Curvas de magnetizaciona T =2 K
para: (a) LaCoMn,_O,, (b) GdCoMn, O, (recuadro en fig. 4.a mues-
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The magnetization loops for GdCoMn, O, (figure 4.b)
differ significantly from the previous ones. Because of the
antiferromagnetic exchange between the Gd and the transition
metals networks, the antiferromagnetic component dominates
in all samples. The coercive field H___is very low at low
cobalt-substitution, reaching a maximum at x(Co) = 0.50
(approximately 2 kOe, compared to 13 kOe for similar
composition of LaCo Mn, O,).

4. DISCUSSION

It becomes evident from the above results, that the solid
solutions RECo Mn, O, can be analyzed through two different
approaches: cither, as substituting cobalt in the rare-earth
manganite REMnO, or, as substituting manganese in the rare-
earth cobaltite REC0O,. In the first case, the Mn**-Mn** and Co*-
Mn** ferromagnetic interactions predominate, leading toward
an optimization of the ferromagnetic state when all manganese
is converted into Mn** (i.e., when RE*Co* Mn* .O%). In the
second case, two different approaches can be considered:
either Mn enters the solid solution as a trivalent cation, so the
charge equilibrium is unchanged with cobalt as Co*, or Mn
enters as tetravalent ion, transforming an additional cobalt ion
into Co*". All our results point towards this second possibility,
since strong Co*-Mn*" ferromagnetic interactions are observed
according to a charge equilibrium RE**Co* Mn**, , Mn* O%..

From these considerations it is quite obvious that
transformations Mn?** —» Mn*" and presence of Co*" and Co*
operate similarly in both solid solutions, independent of the
technique of synthesis, thus reinforcing our hypothesis of
optima oxygenation conditions (§.2, Experimental section).
The reported differences in magnetic behavior come, in fact,
from the different magnetic nature between La (4f°) and Gd
(4f) elements, the first one being nonmagnetic, and the latter
one interacting antiferromagnetically with the transition metal
network.

A final remark concerns LaCoO, and GdCoO,; since a large
amount of reports refer to the cobaltlte end- members x(Co) =
1. These pure cobaltites have been thoroughly studied because
of the magnetic-electronic transitions observed at low and
high temperatures and the different anomalies associated to
them (21,22). It is by now established that a spin transition
occurs from a low-temperature low-spin LS state Co™ (t°, o

;S = 0) toward a high-temperature high-spin HS state Co*
(t4 2 2 ;S =2), although an intermediate spin IS state (t5 1 o
= 13 has been also suggested (22). The magnetic propertles
of these parent compounds are extremely dependent on hole-
doping at the RE* site; in this way, spin transitions may locally
occur on a Co site and provoke double-exchange mechanisms
responsible of the slight ferromagnetic components. It has been
shown, for instance, that doping levels of about two holes per
thousand Co®* may transform a diamagnetic insulator state
into a paramagnetic compound (23).

4. CONCLUSIONS

The mixed-valence states of manganese and cobalt ions
have been characterized in two perovskite systems RE(Co,Mn)
O,. For RE = La, which has no intrinsic moment, the magnetic
behav1or of the Co/Mn lattice is observed. For RE = Gd, the
Gd and the transition metal (Co+Mn) sublattices interact
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antiferromagnetically, leading to a ferrimagnetic state and
eventually, to a reversal of the total magnetic moment.

The particular substitution rate Co:Mn=0.5:0.5 represents a
frontier composition, for which the ferromagnetic interactions
are maximized (largest coercive field, highest ordering
temperature, largest magnetization values, etc.). In the region
0 < x(Co) < 0.50, these systems can be described as if the Co
cation substitutes Mn in the REMnO, manganite, enhancing
the ferromagnetic interactions because of the presence of
Mn*-Mn* and Co*-Mn* pairs. In the region 0.5 < x(Co) < 1,
they can be described as if tetravalent Mn** substitutes Co®" in
the RECoO; cobaltite, with weak ferromagnetic interactions
within an overall antiferromagnetic system.
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